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Ultrasonics has shown the potential to reduce the cost and environmental impact of textile processing. This work
investigates the impact of ultrasonic scouring on fibre entanglement caused during the scouring process. Levels of
fibre entanglement were quantified by measuring fibre length using OFDA4000 after carding. A significant reduction
in fibre entanglement after ultrasonic scouring was observed and this was due to a reduced fibre migration in the wash
bath when compared with the mechanical agitation seen in conventional scouring process. Fibre cuticle scale damage
resulting from the ultrasonic irradiation may also have contributed to the reduction in fibre entanglement. A reduced
level of fibre entanglement from ultrasonic wool scouring leads to a reduction in fibre breakage during carding.
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Introduction
 
Scouring is the first stage of wool processing and is
essential for determining the quality of fibre. Traditional
aqueous scouring is a method that emulsifies and
removes contaminants (such as wool grease, suint and
dirt) from the fibre surface. During aqueous processing,
wool is subjected to mechanical agitation in warm water
under neutral to alkaline conditions in the presence of a
non-ionic detergent (Masri, 1982; Robinson, 1991).
Mechanical agitation causes fibre movement that can
easily lead to wool felting.
Ultrasonic irradiation for wool scouring has shown
the potential in the removal of wool contaminants and
in the reduction of water and energy consumption
(Cui, 1999; Hurren, Zhang, Liu, & Wang, 2006).
Recent study confirmed that the use of ultrasonic irra-
diation facilitates dirt and grease removal and can
produce clean wool that meets industrial requirements
(Li et al., in press). However, when wool is subjected
to ultrasonic treatment, it undergoes some modifica-
tions of the fibre surface structure. These modifications
include micro-cracks on the cuticle structure (Hurren
et al., 2006), and rounding of the scales after prolonged
ultrasonic treatment at a frequency of 25 kHz (Cui,
1999).
Ultrasound irradiation is effective in dirt removal
because the sudden drop in acoustic pressure causes the
scouring liquor to fracture, generating vapour-filled
cavitation bubbles of about 10–100 
 
µ
 
m in diameter
(Burdin, Tsochatzidis, Guiraud, Wilhelm, & Delmas,
1999). The low acoustic pressure wave leads to bubble
growth and the raised acoustic pressure wave causes the
bubbles to decrease in size. After a series of cycles
where the bubble grows in size, with each cycle the
bubble reaches a size that is unsustainable and
implodes. The bubble undergoes a violent implosion,
generating fluid jets, localised heating and shock waves
(Miller, 1963; Suslick, 1989). The micro-agitation
occurring in the vicinity of the cavitation bubble effec-
tively wets out the surface and helps to displace partic-
ulate contaminants and grease.
Wool is a keratin fibre with a complex cellular
morphology. The fibres have closely packed cortical
cells surrounded by single or multiple layers of cuticle
cells (Bradbury, 1973; Hearle, Lomas, & Cooke, 1998).
It was found that some fibre surface scale cracking
occurred during the ultrasonic treatment (Hurren et al.,
2006), but this had little or negligible impact on the
mechanical properties of single fibres (Hurren, Li,
Lamb, & Wang, 2009). It is yet unclear if fibre struc-
tural modifications resulting from ultrasonic irradiation
can change fibre behaviour during wool processing
where fibres are subjected to a range of mechanical and
chemical actions.
Irreversible entanglement of the wool fibre, known
as felting, has a detrimental impact on the quality and
processing ability of wool (Halliday, 2002). Fibre felt-
ing can be accelerated by mechanical agitation in warm
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aqueous environment in the traditional scouring process
(Brady, 1997).
Gentle mechanical action minimises fibre entangle-
ment and is desired for wool scouring in the conven-
tional process; however, it can result in poor fibre
whiteness and a higher level of residual dirt (Halliday,
2002). The level of residual contaminants and the
amount of fibre entanglement in scoured wool influence
fibre breakage, manufacturing efficiency and product
quality. Fibre breakage increases wastage and reduces
the average length of processed wool (Atkinson, 2001).
Controlling contamination and felting is critical during
the operations of carding and combing (Bateup &
Christoe, 1996).
Ultrasonic irradiation requires less fibre movement
during the cleaning process; therefore, a significant
reduction in wool entanglement is expected. The level
of fibre entanglement during scouring can be measured
by assessing mean fibre length after carding and comb-
ing. In 1992 the Wool Research Organisation of New
Zealand (WRONZ) developed a standard for determin-
ing wool fibre length after carding, which utilised an
Almeter to measure mean fibre length after one carding
and three gilling passages (Wool Research Organisation
of New Zealand, 1992). A moderate amount of fibre
was required to undertake this test. Subjective assess-
ment of the level of fibre felting based on visual
observations has also been carried out after scouring
(Cui, 1999; Hurren et al., 2006); however, this is only
qualitative and not quantitative.
This research used a modified WRONZ method and
measured the fibre length through an OFDA4000
instrument (BSC Electronics, Australia) as this enabled
a reduction in sample size (approximately one kilo-
gram). Reduction in the levels of fibre felting was quan-
tified by comparing the average fibre length after
sample carding of ultrasonically scoured wool to that of
conventionally scoured wool.
 
Experimental
 
Materials and sample preparation
 
The wool fibre used in this work was Australian
merino wool grown in the Western District of Victoria,
Australia. Bale specification: 175 kg net, 18–21 
 
µ
 
m,
0.3% vegetable matter and 64.5% scouring yield.
Wool fibre was blended before opening and scouring. A
portion of the 175 kg wool bale was removed from bale
and placed in layers on the floor. Fibre was then taken
from the side of the pile and layered a second time to
ensure adequate blending. Fibre was then taken from
the side of the pile and passed through a 500 mm wide
single drum Fearnaught opener (Houget Duesberg
Bosson, France).
 
Scouring equipment
 
Ultrasonic irradiation was conducted using a KQ-
300VDE 10 litre ultrasonic bath (Kunshan Ultrasonic
Instrument Co. Ltd., China). The bath frequency was
capable of irradiating at two frequencies (45/80 kHz)
with frequency sweeping. In this work, a fixed frequency
of 80 kHz with frequency sweeping turned off was used
for all experiments (Li et al., in press). Power was set at
maximum for all experiments (300 W). The mechanical
agitation utilised was based on an industry rake scour
motion of 23 rev/min, and was used as a control.
 
Scouring bath parameters
 
A range of scouring bath liquor ratios were applied by
changing the weight of the fibre placed into the bath for
each of the different agitation methods. Wool samples
were conditioned and weighed before addition to the first
scouring bath. Scouring was undertaken using a conven-
tional five-bath method. Hydropol TN450 (Nonyl
Phenol Ethoxylate detergent, Huntsman Chemicals) was
used as the detergent and sodium carbonate (Na
 
2
 
CO
 
3
 
) as
the builder (Cui, 1999; Halliday, 2002). Details for each
bath of the process, for both mechanical and ultrasonic
scouring, are given in Table 1.
Fibres were squeezed with a Rapid PA0 pad mangle
(Rapid Labortex Co. Ltd., Taiwan) after each bath to
remove excess liquor. After padding, the water retained
in the fibre was around 43% w/w. After scouring the
samples were dried in a Binder FED (Binder, Germany)
fan forced oven at 105
 
°
 
C for 1 hr before conditioning,
bagging and labelling. The scouring process is the same
as that given in Li et al. (2010) and the work includes
scoured wool fibre quality indicators such as fibre
whiteness, residual grease content and residual ash
content.
 
Carding
 
Scoured fibres were carded using a Mesdan 337A
sample carding machine (Mesdan, Italy) after being
 
Table 1. Five-bath aqueous wool scouring.
Bath 
no. Function Bath liquid
Temperature 
(
 
°
 
C)
Time 
(min)
1 Desuinting Water 35 3
2 Scouring 0.5 g/l Hydropol 
TN450 and 0.2 
g/l Na
 
2
 
CO
 
3
 
55 3
3 Scouring 0.5 g/l Hydropol 
TN450 and 0.2 
g/l Na
 
2
 
CO
 
3
 
55 3
4 Rinsing Water 55 3
5 Rinsing Water 55 3
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opened in a Fearnaught drum opener (Houget Duesberg
Bosson). The carded web was collected as a sliver to
enable measurement of fibre diameter and length. The
card was fettled between each fibre batch to reduce
contamination between processing batches. Wool sliv-
ers were then placed in a conditioned room at 20 
 
±
 
 2
 
°
 
C
and 65 
 
±
 
 2% relative humidity for over 24 hr before
fibre diameter and length measurements.
 
Fibre staple length measurement
 
An OFDA4000 (BSC Electronics) was used for the
measurement of mean fibre length of the carded
sliver. Fibres were sampled and scanned at three
different sections of a sliver and a minimum of 3000
fibres were scanned in each measurement. The mean
fibre lengths were recorded together with
the standard deviation of each of the mean values.
The relative fibre length increase was calculated
using Equation (1): 
where 
 
L
 
u
 
 is the mean fibre length of ultrasonically
scoured wool and 
 
L
 
m
 
 is the mean fibre length of wool
scoured with mechanical agitation.
 
Fibre mean diameter measurement
 
Fibre diameter measurement was carried out with
OFDA4000 and OFDA2000 (BSC Electronics). For
OFDA4000, fibre diameters were recorded along with
fibre length measurement described above. For
measurement with OFDA2000, fibre samples were cut
into 2-mm snippets and spread on a 70-mm square glass
slide. The whole slide was scanned with a minimum of
4000 fibres measured in each measurement.
Fibre diameter results presented in this work were
average values from measurements with both OFDA
4000 and OFDA2000. For each scouring sample a total
of six measurements were taken (three with OFDA2000
and three with OFDA4000). The mean diameter and
standard deviation of the sample were then calculated
from the six measurements.
 
Fibre surface analysis
 
Fibre surface morphology was examined using a Zeiss
Supra 55 VP field emission gun scanning electron
microscope (SEM). Measurements were conducted
with an EHT of 10 kV, working distance (WD) of
3.8 mm and aperture size of 30 
 
µ
 
m.
 
Results and discussion
 
Changes in fibre surface morphology
 
Images of fibre surface structure after the two scouring
methods are shown in Figure 1. Wool scoured with
conventional mechanical agitation exhibits clear and
intact fibre scale structure whereas various forms of
cuticle damages are seen on fibres that had undergone
ultrasonic irradiation.
 
Figure 1. SEM images of wool fibres before and after scouring: (a) before scouring; (b) mechanically scoured; (c) scale peeling as a result of ultrasonic scouring; and (d) cuticle damages shown on a fibre bundle after ultrasonic scouring.
 
Peeling and damage of the scale structure occurred
when the ultrasonic energy localised on the fibre, in the
form of high pressure jetting after cavitation bubble
implosions, was too strong for the cuticle to withstand.
The ultrasonic irradiation damage was present in all of
the wool samples observed with SEM, though severe
scale damage was more evident in the fibres that were
treated under a low ultrasonic irradiation frequency (Li
et al., 2010).
A smoother fibre surface due to removal of the scale
edges can lead to a reduction in irreversible fibre entan-
glement during wet handling stages. It is possible that
the rounding of scales resulting from extended ultra-
sonic treatment at a low frequency (Cui, 1999) contrib-
utes to a low level of wool felting in subsequent wet
treatment.
 
Effect of ultrasonic scouring on fibre length 
after carding
 
After carding, fibre length was calculated for the fibre
samples scoured at different liquor ratios, and with both
conventional mechanical agitation and ultrasonic irradi-
ation. The results of relative fibre length increase (%)
from the two scouring methods are shown in Figure 2.
 
Figure 2. Relative fibre length increase (%) for wool fibre scoured with ultrasonic irradiation and mechanical agitation, at various liquor ratios.For each of the liquor ratio used in this work, fibre
scoured with ultrasonic irradiation has greater mean
fibre length than that scoured with conventional
mechanical agitation after carding. The large reduction
in fibre mechanical movement during ultrasonic scour-
ing is a main reason for the reduction in fibre entangle-
ment and the subsequent decreased fibre breakage
during carding. Fibre length measurement results
revealed that wool fibres scoured with ultrasonic irradi-
ation had very little changes in average fibre length,
compared with those that have undergone conventional
mechanical agitation.
The relative fibre length decreased with decreasing
fibre loading (i.e. increasing liquor ratio) within the
scouring bath. This is expected as the fibre density
within the scouring bath is directly related to the level
of fibre entanglement. Fibres packed closely together
have more chance of entanglement as their close prox-
imity enables easy migration with limited liquor move-
ment. The higher the level of fibre entanglement, the
greater the fibre length loss seen after carding as the
Relative fibre length increase (%) = 100
( )u m
m
L - L
L
( )1
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Figure 1. SEM images of wool fibres before and after scouring: (a) before scouring; (b) mechanically scoured; (c) scale peeling
as a result of ultrasonic scouring; and (d) cuticle damages shown on a fibre bundle after ultrasonic scouring.
Figure 2. Relative fibre length increase (%) for wool fibre scoured with ultrasonic irradiation and mechanical agitation, at
various liquor ratios.
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opening process of carding breaks fibres that are
heavily entangled instead of separating them intact.
This is more evident on the fibre samples that were
scoured with mechanical agitation.
It was noticed that while the majority of the fibre
entanglement was due to agitation within the scouring
bath, it also occurred during the fibre wet handling
stages, which include wetting of the fibre during addi-
tion to each bath, fibre removal from the scouring
bath and during padding to remove excess scouring
liquor.
The reduced fibre length loss for ultrasonically irra-
diated wool after carding may also be attributed to the
disruption of fibre scales during scouring process as
proven previously. The changes in the level of wool
entanglement are reflected in the average fibre length of
the processed wool.
The difference in the level of fibre breakage may
affect the average fibre diameter of the wool samples
after carding. This aspect is reported in the following
section.
 
Changes in fibre diameter after carding
 
The mean fibre diameter measured for wool scoured
with both ultrasonic and mechanical agitation at each
of the different liquor ratios after carding is shown in
Figure 3. It can be seen that fibres scoured with
mechanical agitation undergo a reduction in fibre diam-
eter for high fibre packing densities within the scouring
bath. A higher level of fibre breakage may have contrib-
uted to the reduction of fibre diameter for the wool
samples that underwent mechanical agitation.
 
Figure 3. Mean fibre diameter of wool scoured with ultrasonic and mechanical agitation, at various liquor ratios.
 
A previous study has reported on the structural
changes of wool fibre after stretch breaking (Kwak,
Lee, Lee, & Jeon, 2007). It was found that the diameter
of the broken fibres was finer than the diameter of
unstretched fibres, and the fibre diameter at the break
point was the finest and was more irregular than the
original fibre. Hearle et al. (1998) also suggested that
the failure mechanism for wool fibres is commonly by
two separate breaks linked by an axial split. The section
of fibre that has undergone an axial split is smaller in
cross-section than the original fibre if the break is
viewed side on. It follows therefore if a fibre sample has
a high level of breakage in it then it will have a smaller
mean fibre diameter due to the number of fine points at
the broken section.
 
Conclusions
 
Ultrasonic irradiation during scouring produced less
movement of the fibres and a modification in fibre cuti-
cle scale during scouring resulting in less fibre entan-
glement. This is confirmed by a greater fibre length
measured for ultrasonically scoured wool after carding
in comparison with fibres that had undergone conven-
tional mechanical scouring system. For the wool
samples investigated in this work, fibres scoured with
ultrasonic irradiation had less fibre breakage during
carding process when compared to mechanically
agitated scoured fibre.
It is implicated that a reduced fibre felting resulting
from ultrasonic irradiation scouring can improve
carding, combing, top making processing and yield.
 
Acknowledgements
 
This work would not have been possible without the finan-
cial support from Australian Research Council (ARC) and
Shandong Ruyi Woollen Textile Co. Ltd., China. Thanks
are due to Dr Peter Lamb for valuable suggestions.
Figure 3. Mean fibre diameter of wool scoured with ultrasonic and mechanical agitation, at various liquor ratios.
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